the injection of exogenous RNA obtained 
from electrically excitable tissues into Xcno- 
pus oocytes causes the appearance of voltage- 
operated Ca 2 * channels in the oocyte mem- 
brane. These channels arc distinct from the 
endogenous ones in respect to their time 
coarse and inacrivation properties. More- 
over, heart and brain RNA each encode at 
least two distinct types of Ca 2+ channels. 
For the heart RNA, the slow current ap- 
pears to show die appropriate sensitivity to 
and modulation by transmitters and intracel- 
lular messengers. Significahdy, a rapidly in- 
activating, norepinephrine- and dihydropyr- 
idine-insenslcivc Or* current has recently 
been reported in heart ceils (10), 

The injection of RNA from various tis- 
sues into Xenopux oocytes should aid in the 
characterization of different types of Ca 2+ 
channels. Such data will complement experi- 
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•al neurons, cell lines, and reconstituted 
membranes. If specific RNA populations arc 
used, it may also be possible to clarify die 
relations among components of Ca 2+ chan- 
nels and the interactions between channels 
and modulatory elements. 
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Sequence and Expression of Human Estrogen 
Receptor Complementary DNA 

Geoff sley L. Greene, Paul Gilna, Michael Waterfield, 
Andrew Baker^ Yvonne Hort, John Shine 

The mechanism by wiiich die estrogen receptor and other steroid hormone receptors 
regulate gene expression in eukaryotic ceils is not well understood. In this study, a 
complementary. DNA done containing the entire translated portion of the 'messenger 
RNA for the estrogen receptor from MCF-7 human breast cancer cells was sequenced 
and then expressed in Chinese hamster ovary (GHO-K1) cells to give a functional 
protein. An open reading frame of 1785 nucleotides in the complementary DNA 
corresponded to a polypeptide of 595 amino acids and a molecular weight of 66,200, 
which is in good agreement with published molecular weight values of 65,000 to 
70,000 icfr the estrogen receptor. Hornogcnatcs of transformed Chinese hamster ovary 
cells contained a protein that bound I*H] estradiol and scdimcntcd as a 45 complex in 
sah-contairung sucrose gradients and as an 8 to 95 complex in the absence of salt. 
Interaction of this receptor- [ 3 H] estradiol complex with a monoclonal antibody that is 
specific for primate FR confirms the identity of the expressed complementary DNA as 
human estrogen receptor. Amino acid sequence comparisons revealed significant 
regional homology among the human estrogen receptor, the human glucocorticoid 
receptor, and the putative v-crbA oncogene product. This suggests that steroid 
receptor genes and the avian erythroblastosis viral oncogene arc derived from a 
common primordial gene. The homologous region, which is rich in cysteine, lysine, 
and argmine, may represent the DNA- binding domain Of these proteins. 



THE REGULATION OF GENE EXTRES- 
.sion in eukaryotic cells by estrogens 
and other stcriod hormones involves 
the interaction of specific inrracelluJar recep- 
tor proteins with the genome, resulting in 
die activation of selected sets of responsive 
genes (1). As aconsequence, DNA syndesis 
in certain target cells is altered, and there are 
changes in the synthesis of specific RNA's 
and proteins involved in the regulation of 
cell proliferation, differentiation > and phys- 
iologic function in diverse tissues. In addi- 
tion, stcriod hormones and their receptors 
appear co be involved in the regulation of 

1150 



abnormal growth in various tumors and 
rumor cell fines (2). Recent data from sever- 
al laboratories (3) suggest that steroids may 
exert their effects by binding dirccdy to an 
intranuclear receptor molecule thac is weakly 
associated with nuclear components in the 
absence of ligand. Binding of hormone to its 
receptor results in conversion of the recep- 
tor-steroid complex to a form that associates 
with high affinity to one or more nuclear 
components. The molecular nature of this 
association and of the subsequent modula- 
tion of specific gene transcription is not 
known, although a number of nuclear accep- 



tor sites have been proposed. These include 
specific DNA sequences (4) 7 the nuclear 
niarrix (5), and acidic nonhistone prorcin- 
DNA complexes '{6)1 Although distinct ste- 
roid- and DNA*binding domains have been 
postulated CO exist in all steroid receptors^ i 
few data are available on the detailed struc- { 
turc, composition, and chemical properties 
of the sub unit that binds both stcriod and 
DNA, and. virtually nothing is known about 
the possible involvement of other compo- 
nents that do not bind steroid. 

Dcrerrninariou of the primary structure of 
the estrogen receptor (EH) and expression 
of this molecule in homologous and heter- 
ologous systems can provide valuable infor- 
mation about . struc turc«runcrion relation- 
ships at a molecular level. Although ER is 
distributed in a tissvie-spcdfic manner, many 
of these cell types also express receptors for 
several other steroid hormones (7). Thus, it 
is likely that the specificity of control of 
responsive elements by steroids is deter- 
mined, at least in part, by the primary 
sWcturc of the receptor protein. Like odtcr 
steroid receptors, horrnonc-occupicd ER 
appears to recognize discrete DNA se- 
quences that are generally upstream of tran- 
scriptional start sites in responsive genes. In 
the prolactin gene, fdotprinring analysis re- 
vealed a specific binding she for ER about 2 
kb upstream of the start site (8); similar 
analyses of genes responsive to progestins 
and glucocorticoids revealed binding sites 
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lbcflicd.ISD to 200 nucleotides upstream of proteins, especiaUy if a discrew DNA-bind- sequences were identified in randomly 

thettansomptional start sices (9). The corrc- ing region exists. primed AgtlO and Xgtll MCF-7 cDNA 

sponding^indiJig elements on the receptor- The isolation of complementary DNA libraries by screening cither with monoclo- 

hormonc complexes have not yer been de- (cDNA) clones corresponding to part or all rial ER antibodies or with synthetic oligonu- 

fined However, it seems likely that tunc- of the translated sequence of ER messenger decades corresponding to two peptide se- 

rioruKdomains with common elements will RNA (raRNA) from MCF-7 human breast quenecs obtained from purified MCF-7 hu- 

bc found in the various steroid receptor cancer cells has been reported {10), These man ER. Among the cDNA clones isolated 

(-29 2) GAATTCCAJUUTTCTGATCTTTCTTOT -*4j" 
AATGATCACrGrmttCTATr/rAttC^ " iJ3 : 
C^CGAC^IcMCrflCOTCGCCTCTAACCTCa^CT _1 

10 20 30 " <0 

i^TWH^Thrf je .*l*Thrf,T«AI»Serf.lv^ 
^ACCATGACCCTCCAWC<:AMCCArCTafCAXCC« 

50 60 70 SO 

GlaV*tTyd-«AB P SorScAyaProAi.Vai:ryrA^ 

GAflOTGTACCI^ACM?CA(XAA(WC©CCGro 240 

90 J0O 110 120 

clYpg^lTg»gfllnAlaAl«M^keOWSerAft&01yLop01yGl7Ph^^ 
(MOXCOTCTCTGAWKTGCWCOTCISOT 

130 340 ISO ISO 

LflbGlnPToHUOlyQlnOl^ 

ctocagcw^ 480 

170 180 150 200 

GlyAx g ClttA*|LeaAlflSe^«AMkAfcp^ 

GO<^AfiAMG ATTGXi CCAGTACCAATGA CAAGGGAACTATCCCTATCGAArcTGC CAA pGAG ACTCCCT ACTOT G CAQTGTG CAATGACTATGCTr CACGCTACCATTATfiflAGTCrfifl 600 

HO 210 230 240 

ScrCy*GleGlyCy»Ly»Al*PAePfcaLysA*gS6r^^ 

TCCTaiaACXJGCTGCAAWKXTT^ 710 

250 ItfO *™ 2W 

hxgLovATBlY*Cy *Ty rCl tiVa lClylU tMd tLy *ClyClyI 1 flAfjLy a Asp Atg AnQlyGIy AxaXc tL cuLy sHijLy»ArgGlT»A FX AspAipGly01ofllyAreGlyGloV*l 
CGGCTCCOCAAATOTAOTAAOTGWAATO/CTGAAACGTGOT 840 

290 300 310 320 

ClyBfl.ja a GlvAjpM«tAr gAUAlaA*nLenT^ 

GWTTCTCCIWAGAMW^CTCCCMCC^ 960 

330 340 350 ?60 

AapAUGlTfroPrpII^c»T»rSorGi»TyrA*pProThrAr^^ 
GAX(^AGCCtf^AtACTaArr<»XACTATGATCCT 

3?0 380 390 400 

AlaLyaAHV>lPJCP-6J*Jfocy*lA*^^ 

GC#U6A<^f^AGCOTTCTC«AITrCACCCT 1200 

410 420 430 440 

Ly»L«LftsPioAUProAs0LfliiLe«Le^^ 

AAGCTACTXTnTG^CCTAACTTGCTClTGCACAGCM 1320 

450 4*0 470 480 

OlftOlyGltiGlttPheVal Cy gLouLy sScrllel ULooLcvAcsSeTGlyVa lTyrTli*Pti«L»oS« rSe tTnti*nLytSexLoTiGUGluLysAfpni*Ileei«ArgValL«TiAep 

490 500 510 . «20 

Lysl 1 om sA*j>THrt,anI 1 ttf i sLeuHe t AlmLy a Al aOlyLaaThd. euGloGlnGliiH IsGInAr 8 LcTiAlBG3nLe^e«LonIleLBtiS6rHiaIloArBfli*iaotSoxA5nLyi 
AACATCACACACACTTIGATC^ 1560 

530 540 3^0 560 

GGaTGSAGCATCTmCAcr^CAACT^ 1680 

570 5*0 
Gl<tflt»Xli*AapaiiiSarHiiLouAWT*tAlAGlySort^ , 
6AGGAG ACGGACCAAAtjCCJiCTTGGecACTGCGGGCT CTACTT CATCCCATTCCTTG CAAAAGT ATTACAT CA CGGGGG AG GCAC AG RrffTTCCCTCCCACAGTCTG_AGAG CXCCCIGG C 1600 

Pig. 1. OR8 cDNA and predicted amino acid sequence of human estrogen at nucleotides -54 tci -52 suggests chat it may contain non-ER fusion 

receptor from MCF-7 human breast cancer cells- The complete open reading sequence resulting from a cloning artifact. The sequencing sirateg' was as 

frame consists of nucleotides 1 to 1785, out of a total of 2092, Termination follows: OR8 cDNA was subdoned into the Ecp RI sice of M13rnp9. 

cottons (TGA) before and after the coding sequence are underlined. Peptide Clones containing both orientations of the cDNA were isolated and 

sequences obtained from purified MCF-7 ER after cleavage with cyanogen subjected to DNA sequence analysis by the method of Sanger a al. (13). 

bromide or trypsin arc also underlined. Numbers above die sequence refer to wid\ a scries of specihe oligonucleotide primers homologous to ctd\cr the 

amino add positions and numbers to the right Indicate nucleotide locations. adjacent M 1 3 sequence or to previously determined cDNA sequences. 
The unusual length of dip 5' leader sequence upstream from the TGA codon 
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by oligonucleotide hybridization was a 2.1- 
kb cDNA (OR8) that cross-hybridized with 
ail other cDNA's and that contained the 
expected sequences for the two ER peptides. 
In addition, this cDNA hybridized selective' 
ly to a 6.2-kb polyadcnylated RNA which, 
when translated in vitro, in the presence of 
[^SjmenHioninc, coded for the synthesis of 
immunoreactive 6S-kD ER,. as well as for a 
smaller* bmount of an immunorcacrivc 46- 
kD protcixi,(i0). The molecular size of the 
major, product is similar to published values 
of 65^*70 kD for ER from several sources 



(11). The identity of the smaller peptide is 
not known, but it may represent an in viao 
degradation product of the 65-kD ER. The 
size of the rhRNA for ER indicates that it is 
likely chat a large portion is not translated. A 
65-kD protein would rcanire about* 1.8 kb 
of coding sequence; this would leave more 
than .4 kb untranslated. This untranslated 
region is likely to be at the 3' end of the 
gene, as found in several other receptor 
mRNA's, including the human glucocorti- 
coid receptor mRNA, which also contains a 
long 3 '-untranslated region (12). 
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Hg. 2: Sedimentation analysis of human estrogen receptor expressed by OR8 cDNA in CHO-K1 cdk 
and hboted with [ 3 H] estradiol. (A) Sedimentation pro tics inlow-salr gradient* (10 mAf KG) or 
caressed human ER (A— A) or extract, from ^transformed CHO-K1 cells •) Labekd wirh 
[ 3 H)cttradioi (0.5 nW). (B) Scdihicruation profiles in high-salt gradients (400 mAf KO) of expressed 
ER labeled with [ 3 H]estradiol (0.5 nM) and incubated with (0^ -O) Or without (A — A) D7$?Zy 
iinmunoglobulin G (IgG), and expressed ER labeled with [ 3 H]estiadiol .(0.5 nM) olds unlabeled 
estradiol (100 nAf) (•-..-#). Unnansfprmed CHO-K1 cells and cells iiansforracd with the* 
expression yoccor described below were grown in monolayer culture to confluency in a zinc- 
suppleoienced Dulbccco's minimal eucntial medium pfus Ham** F- 12 medium (22). After removal from 
the substrate with EDTA, the dcUs were homogenized by Forytrou disruption in a buffer containing 10 
mM tris (£H 7.4) and 20 rnAf sodium molybdatc {16). Homogcnatcs were" ccntrifuged « 253,00% for 
30 minutes and the surjernarant fractions were labeled with 0.5 dM [ } H]estradiol (57 Ci/mmol), with 
or without a 200-fold molar excess of nonradioactive estradiol, for 60 minutes ar 4°C. Experiments with 
excess ajcthyb.uibcscrol in place of estradiol showed the some partem of radioactivity on die gradient. In 
a separate experiment, aliquots {200 pJ) of labeled extract were incubated for 60 minutes at 4*C cither 
in the presence or absence o'f rat monoclonal ER antibody (10 Vg of D7SP37, DS47Sm, or H222Spy 
in a final volume of 220 \xl). For sedimentation analyses, aliquots (200 pi) of laDeled extract or 
mcubadon iiuxcure were layered onto linear 10 to 30 percent sucrose gradients (3.5 nil), prepared in 10 
rnAf tm; 10 mM sodium molybdatc, 1.5 mM EDT& pH 7.4, and either 10 mM KCJ (low salt) or 400 
mAf KO (high salr) , and ccntrinjged ar 0°C for 15 hours at 253,(K%, Successive 100-uJ fractions were 
collected and radioacdvity was measured in Triton X-100 toluene icinaUarion mixture at 35 percent 
counting efficiency. [ w C]Oyalbumin (3.6?) and ("CJtgG (7.05) were u$cdas sedxinentation markers in 
paralld gradients; their positions arc designated by arrows. The OR8 expression vector was constructed 
by subcloning the OR8 cDNA into pMTpn (14). This vector consists of a 870-bp Hind IH-Bam Hi 
fragment, from the human metailothionein II gene (14) inserted into the poly linker region of pTJC?. 
This genomic fragment contains metal regulatory regions, ghicocorucoid-rcccptor binding sites, and, 
the promoter, transcription start, and 5 '-untranslated region of the metailothionein II gene. To provide 
for rranscripu'on stop and polyadcnyl addition sisals, chc 600-kb Sma I-Ecd RI fragment from the 5' 
end of the human growth hormone gene was placed on the 3' side of the OR8 cOKA. The vector alto 
contains die SV40 origin of replication and enhancer sequences immediately 5' 10 the metalbduoncin 
promoter. ■ 
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The 2.1-kb OR8 cDNA insert was the 
only cDNA long enough to contain the 
entire coding sequence for a 654cD protein. 
Since this insert cross-hybridizes with ail of 
the doned cDNA's, regardless of selection 
method (10), OR8 should correspond to 
most or all of the MCF-7 hqman ER. To 
test this, the nucleotide sequence of this 
done was determined by the method of 
Sanger tt al. (13) according to the strategy 
described in Fig. 1. An open reading frame 
of 17SS nucleotides is the sequence encod- 
ing the human estrogen receptor, and corre- 
sponds Co 595 amino acids and a calculated 
molecular weight of 66,200. The translation 
initiation site was assigned to the methio- 
nine codon at nudeotides 1 to 3 because this 
ATG triplet is the first to appear down- 
stream from the in-frame cerrninaror TGA at 
nudeotides -54 to -52. Although the actu- 
al initiation site has not been unequivocally 
established, amino acid sequence obtained 
from a cyanogen bromide fragment of 
MCF-7 ER corresponds to residues 12 to 
26 (Fig. 1), which is very dose to the 
proposed starr site. The codon specifying 
the valine ac position 595 is followed by a 
TGA translation terrnination codon. Pep- 
tide sequences from purified ER occur 
thremghout the proposed open reading 
frame, including one that corresponds to 
residues 543 to 560 near the carbcocyi termi- 
nus of the porypeptide (Fig. 1). Thus, all of 
the coding sequence for MCF-7 hnrnan ER 
is present in die OR8 cDNA insert. 

To determine whether the OR8 cDNA 
would cock for die synthesis of functional 
human ER in a heterologous cdl system, 
OR8 was inserted into a pBR vector con- 
taining a mctallothipnein promoter and 
SV40 enhancer sequence (14) % as described 
in Fig. 2. This OR8 -containing plasmid was 
then used to n^anstorrn Cruncsc hamster 
ovary cells (CHQ-3K1) (25), and cell ho- 
mogenates were analyzed for the expression 
of human ER in a form capable of binding 
estradiol. Sedimentation analysis of a low- 
salt extraa labded with [ 3 H] estradiol re- 
vealed the presence of a receptor-[ 3 H] estra- 
diol complex which scdimcnted at 8-9S in 
10 mM KCI (Fig. 2A) and at 4S in Q.4M 
KCI (Fig. 2B). This complex reacted with 
three different mqnodonal ER antibodies ro 
form SS immune complexes (Fig. 2B). One 
of these antibodies is specific for primate ER 
(D75P3^) (16, 17). ^EstracUoI-bznding 
in both chc 45 and SS complexes was abol- 
ished by the addition of a 200-fold molar 
excess of nonradioactive estradiol (Fig. 2fi) 
or aUcthyktilbcsrrol. Extracts of untrans- 
formed CHO-K1 cells did not contain rc- 
ceptor-[ 3 H]csrxadiol complexes (Fig. 2A). 
In addition, the concentration of the recep- 
tor- [ 3 H] estradiol complex was more than 
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Fig. 3. Amino add sequence alignment of the cysteine-, lysine-, and argininc-ricfa region of MCF-7 
human ER, human GX, and putative v-trbA oncogene product. Amino acid residues 185 to 250 from 
ERwcrc aligned with residues 421 to 486 from GR and residues 37 CO 104 from p75^*^* A ; common 
residues arc boxed and gap* arc indicated by clashes. Matching cysteine residues are indicated by docs 
above the sequence. 



doubled by including 10' 4 M Zn 2+ in the 
culture medium for 24 hours prior to cell 
harvest. This result Is consistent with the 
induction of the mctallothiortcin promoter 
by line (18). The formation of 8-105 salt- 
sensitive rcccptor-hoirnonc complexes in 
hypotonic extracts of responsive cells is a 
hallmark of steroid receptors, although the 
biological significance of these muldmeric 
complexes has not been established. It is 
inrcxesring that, although CHO-K1 cells 
appear to express little or no ER, the human 
ER expressed by OR8 cDNA in these cells 
forms an 8 to 95 complex. when occupied by 
[ 3 H] estradiol under hypotonic conditions. 
This suggests either that this complex is a 
mulrimcr of steroid-binding subunits or that 
associated nonstcroid-bmding components 
are present in nontarget cells. 

Identification of the locations and proper- 
ties of the functional domains on the recep- 
tor protein can help establish the mechanism 
by which ER regulates gene transcription. 
Immunochemical analyses of partially pro- 
tea lyzcd MCF-7 human ER have identified 
at least two regions which arc separable by 
enzymatic cleavage: a DNA-bmding region 
and a steroid-binding region (17). Similar 
analyses of rat glucocorticoid receptor (GR) 
revealed a third "immunogenic 5 ' domain 
near the amino terminus of GR (19> 20) 
which is probably not present in ER. When 
the amino acid sequences of hitman ER and 
GR (12 t 20) were compared, a striking 
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homology was observed in a region rich in 
cysteine, lysine, and argininc (Fig. 3). This 
region occurs 300 to 350 amino adds from 
the carboxyl terminus in both ER and GR. 
Between residues 185 and 250 for ER and 
residues 421 and 486 for GR (66 arnino 
acids) there are 40 matches (61 percent). A 
similar homology exists among ER, GR 
(20), and a region of rhc putative avian 
erythroblastosis virus oncogene protein 
p7S' a *-" M (20, 21), from residue 37 to 104. 
All nine cysteines of ER arc conserved in 
this region and nine out of ten GR and v- 
erbA cysteines arc conserved. Hie abun- 
dance of cysteines in such a small region is 
unusual, and it has been suggested that this 
region and the associated basic amino acids 
may represent a DNA-binding domain of 
GR and v-erbA (20). Interestingly, this is the 
only region of significant sequence homolo- 
gy between human ER and GR, although 
both molecules contain a praline-rich region 
of unknown function located upstream from 
the region rich in cysteine, lysine, and argi- 
nine and a relatively hydrophobic region at 
the carboxyl terminus. On rhc basis of analy- 
sis of proteolytic and cDNA fragments of 
ER and GR (10, 17, 19) and of the nucleo- 
tide sequence of a form of GR that docs not 
bind steroid (20), this hydrophobic region 
has been suggested to be rhc steroid-binding 
domain. If the primary amino acid struc- 
tures of both proteins are aligned according 
to Fig. 3, much of the amino terminal 



immunogenic region present in GR is ab- 
sent in ER, suggesting that this region may 
be important in distinguishing the action of 
GR from ER. 

Thus, there is a strong rcktionship among 
two steroid receptors and the erbA proto- 
oncogencs, indicating chac they arc derived 
from a common primordial gene. Although 
the mechanisms by which steroid receptors 
modulate transcription and by which v-erBA 
promotes transfbrmation arc unknown, the 
common feature of these molecules is a 
domain that may be involved in DKA rec- 
ognition. Further elucidation of the role of 
this domain and other functional regions in 
the regulation of gene expression should 
follow from in vitro and in vivo studies of 
the interaction of genetically altered recep- 
tor molecules with hormonc^rcsponsive 
genes. 
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An Ancient Developmental Induction: Heat-Shock 
Proteins Induced in Sporulation and Oogenesis 

Stephen Kurtz, Janice Rossi, Lawrence Petto, Susan Lindquist 

Every eukaryotic and profcaryotic organism tested to date synthesizes a small number 
of heat-shock proteins in response to heat and other forms of stress. A particular 
pattern of heat-shock gene expression was observed during ascosporc development in 
Sfutharomyusx heat-shock proteins hsp26 and hsp84 were strongly induced, whereas 
hsp70, the most highly conserved of these proteins, was neither induced nor inducible 
by heat shock Instead, two proteins related to hsp70 were induced. A strikingly 
similar pattern of expression occurs during oogenesis in DroscphiU^ suggesting that it 
may be one of the earliest developmental pathways to evolve in eukaryotic cells. 



ALL ORGANISMS RESPOND TO MILD 
elevations in temperature by coordi- 
natcly synthesizing a small set of 
heat-shock proteins. The exact number of 
proteins induced varies in different orga- 
nisms, but in all cases proteins of approxi- 
mately 84 and 70 kUodaltons (hsp84 and 
hsp70) are among the most prominent spe- 
cies. These proteins have been highly con- 
served in evolution. The hsp70 proteins of 
Drosophila and yeast have 72 percent amino* 
add identity (2) and their respective hsp84 
proteins have 63 percent identity (2, 3). 
Most organisms also produce heat-shock 
proteins of 20 co 30 kD. DmophUa cells 
produce four closely related proteins of 28, 
26, 23, and 22 kD, Cells of the yeast 
Sacckaromytzs cer&isiae produce only one 
prominent small protein widi a molecular 
mass of 26 kD. These small heat-shock 
proteins have not been conserved to the 
same extent as hsp70 and hsp$4, but nucleic 
add sequence analysis has demonstrated ho- 
mology among the proteins of insects, verte- 
brates, and nematodes (4-5). Fiuthcrmore, 
the small heat-shock proteins ofDrosophUa, 
yeast, and tomatoes form panicles of highly 
conserved morphology (6, 7). 

Although the specific functions of the 
heat-shock proteins arc not yet known, 
some of them arc expressed during oogene- 
sis and pupation in Drosophtta (8-22) t sug- 
gesting that diey play a role in normal ■ 
development as well as in the response to 
stress. To' investigate developmental regula- 
tion of the heat-shock genes in the yeast 5. 
ccrmsiac, wc examined speculating cells. 
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Since these cells do not rtfrrienriy cake up 
radiolabeled amino adds, gene expression 
was dctr^mincd with DNA probes and anti- 
bodies. Tn the experiment represented in 
Kg. 1, diploid cells of the strain AP3 
reached the tetranuclcatc stage 8 to 10 hours 
after transfer to lucrogcn-defirient medium 
and sporulation was complete at 24 hours. 
Total cellular RNA's were isolated at various 
times during sporulation, clcctrophoretical- 
ly separated, and analyzed by hyrjridization 
with doned probes for the heat-shock genes. 

Messenger RNA (mRNA) for hsp26 was 
induced eady in sporulation, eventually 
reaching a concentration higher than that 
achieved during a 1-hour heat shock (Fig. 
la). Messenger RNA for hsp84 was also 
induced during sporulation (Kg. lb). The 
timing of its accumulation was different 
from that of the hsp26 message The maxi- 
mum level of induction was comparable to 
that achieved with a 1-hour heat shock. 

The hsp70 gene family in Sauharomycts 
contains two different classes of heat-in duc- 
ible genes encoding 70-kD proteins. Tran- 
scripts from one dass, represented here by 
done YG100, arc observed at low levels at 
25°C and at mudn higher levels at 36°C 
Transcripts of die other, represented by 
done YG107, are observed onry at tempera- 
tures above 38 D C (13). Neither diss was 
induced during sporulation (Fig. lc). More- 
over, as can be seen with longer exposures, 
as sporulation proceeded, the concentration 
of the YG100 message dropped bdow the 
basal levd observed during normal vegeta- 
tive growth. 



Wc examined the expression of heat- 
shock RNA's in several 5. ccrcvisiac strains of 
widely divergent genotypes. Messages for 
hsp26 and hsp84 are induced at different 
dmcs in strains that sporulace at different 
rates, but they are always induced strongly. 
Ndrher class of hsp70 message, was induced 
during sporulation in any strain. Thus, un- 
like the coordinate induction of these genes 
during heat shock, their induction during 
development is uncoupled; only a particular 
subset of heat-shock genes is induced. 

This pattern of heat-shock gene expres- 
sion is remarkably similar co one reported to 
occur during normal etogencsis in DmopH- 
h. In adult females, RNA's for hsp26, 
hsp28, and hsp84 arc induced in ovarian 
nurse cells and passed into the d enveloping 
oocyte (72). As with mdosis in S. ccmnsiae^ 
this devdopmenral induction sMfm from 
heat-shock induction in that mRNA for 
hsp70 docs not accumulate In fact, in late 
egg chambers and early embryos, hsp70 is 
not induced even with heat shock (72). This 
is significant, since, in virtually all other 
tissues, hsp70 is the protein most strongly 
induced by heat. 

To determine whether hsp70 is hcat-in- 
ducible during sporulation, we removed 
portions of a 5poruUting culture at various 
times during devdopmene and subjected 
them to heat shock at 39°C. RNA's from 
these cells were hybridized with probes for 
the two classes of hsp70 genes. Both were 
inducible during the early stages of sporula- 
tion; ndthcr was indudble during the final 
stages of spore maturation (JFig. 2a). This 
change apparently occurred before general 
transcriptional in activation of the spore 
genome, since an mRNA encoding a 21.5- 
kD sporularion-spccific polypcpridc accu- 
mulated after hsp70 became refractory to 
induction (Fig. 2b). 

We translated RNA's from sporulating 
cells in vitro and found that the heat-shock 
messages they contained were fully translat- 
able. However, the fact that these RNA's 
can be translated in vtcro provides no infor- 
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